Cadmium (Cd) and mercury (Hg) levels were measured in the tissue samples of two loliginid (Alloteuthis sp. and Loligo forbesi) and two ommastrephid (Todarodes sagittatus and Todaropsis eblanae) squid species collected from research cruise and fishery (market) samples in UK waters during 2004-05. Concentrations of Cd were generally higher in the ommastrephids, in all tissues except muscle. Hg concentrations were higher in T. sagittatus than in the loliginids. In L. forbesi, metal concentrations differed between tissues and also varied in relation to body size, geographic origin, and season. Cd levels decreased with increasing body size. This may be related to a shift in the diet with growth, since small L. forbesi feed on benthic invertebrates that have relatively high Cd concentrations, whereas larger individuals prey mainly on fish that have low Cd concentrations. Hg levels increased with body size, indicating its retention, and they were highest at the end of the spawning season and in squid from the English Channel and the Scottish West Coast. It is likely that the ambient concentration of Hg in seawater plays an important part in its accumulation in squid tissues. As it is a short-lived species, L. forbesi may therefore function as a bioindicator species for Hg contamination of the marine environment. Our results indicate that there is no significant danger to humans from consuming squid from UK waters.
Geographic

Introduction
The commercial significance of cephalopods to world fisheries is of relatively recent, but growing importance (Boyle and Pierce, 1994; Boyle and Rodhouse, 2006) . In the 1990s alone there was a 40% increase in squid catches worldwide (FAO data, 2003) . In UK waters, the main commercial cephalopod species are the demersal long-fin squid Loligo forbesi and L.
vulgaris, and the cuttlefish Sepia officinalis (Pierce et al., 1994a (Pierce et al., ,b, 1998 Dunn, 1999; ICES, 2006) . Annual landings of long-fin squid into the UK from adjacent waters varied from 1400
to 3000 tonnes during [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] . These figures include landings of L. forbesi, L. vulgaris and the smaller Alloteuthis spp. Much of the squid landed in the UK is exported to southern Europe (Shaw, 1994) . Landings of cuttlefish into the UK ranged from 1600 to 4900 tonnes during 1997 (ICES, 2006 . All these species occur in coastal, continental shelf waters.
While S. officinalis and L. vulgaris are common only in the English Channel, the distribution of L. forbesi extends throughout UK waters (Roper et al., 1984) . Three species of the mainly pelagic and oceanic short-fin squid family Ommastrephidae also occur in UK waters, namely
Illex coindetii, Todarodes sagittatus and Todaropsis eblanae. All are of lesser commercial importance in UK waters, although some landings are reported from England and Wales (ICES, 2006) . The lesser flying squid T. eblanae is most frequently recorded ommastrephid in coastal areas and occasionally occurs in very large numbers (Hastie et al., 1994) . All squid are carnivorous, feeding mainly on crustaceans, small fish and other cephalopods, including conspecifics (Collins et al., 1994; Pierce et al., 1994c; Collins and Pierce, 1996; Lordan et al., 1998; Quetglas et al., 1999) . Squid are themselves important prey items for large fish, seabirds and marine mammals (Croxall and Prince, 1996; Smale, 1996 ; Pierce and Santos, 1996; Santos et al., 2001 ).
The UK continental shelf is of high economic interest for present and future hydrocarbon exploration. Oil production activities could lead to increased releases of heavy metals resulting in increased bioaccumulation in marine biota, particularly in cephalopods, since they are very efficient accumulators of various trace elements (e.g. Martin and Flegal, 1975; Miramand and Bentley, 1992; Bustamante et al., 2002a) . Toxic metals such as cadmium (Cd) and mercury (Hg) are very efficiently bioaccumulated and retained in squid (Bustamante et al., 1998a (Bustamante et al., , 2006a and consequently passed on to predators, thus potentially increasing the contaminant load in higher trophic levels, including humans (Bustamante et al., 1998a; Lahaye et al., 2005; Storelli et al., 2005 Storelli et al., , 2006 .
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Metals are also toxic for marine biota above a certain threshold. The early life stages (embryos and juveniles) of invertebrates are particularly sensitive to contaminants (Calabrese et al., 1973; Martin et al., 1981; Warnau et al., 1996) . This is especially obvious when the spawning and the subsequent embryonic development occur directly in seawater, allowing direct contact of waterborne contaminants with the embryos and larvae, as in the case of squids (Villanueva and Bustamante, 2006) . In addition to the potential direct effects of metals on squid embryos and juveniles, an increase of contamination levels in the environment is also likely to affect the reproductive tissues, potentially impacting on fertility and egg production (e.g. Gerpe et al., 2000; Craig and Overnell, 2003; Seixas et al., 2005; Miramand et al., 2006; Villanueva and Bustamante, 2006) .
Overall, there is a lack of published data concerning the natural variations in metal concentrations in squids from UK waters. Such baseline information is needed to quantify the impact of anthropogenic contaminant sources (e.g. oil production activities) on these species.
The main aim of this study was to provide baseline data on Cd and Hg concentrations in the tissues of different squid species from different seasons and regions around the UK and to identify and quantify sources of variation (e.g. seasonal, regional and ontogenetic). Biological data were also collected to provide a contemporaneous picture of the distribution of size, maturity and sex ratio. Although this investigation focused on L. forbesi, due to its wide distribution in coastal waters and high commercial importance, tissues from other common squid species in UK waters (Alloteuthis sp., T. eblanae and T. sagittatus) were also analysed for comparison.
Material and Methods
Sampling and biological data collection
A total of 3309 squid was collected and measured over 13 months (March 2004 to March 2005 were then evaporated and the residues were dissolved in 0.3N ultrapure nitric acid (Bustamante et al. 1998a) . Cd analyses were carried out using an atomic absorption spectrophotometer Hitachi Z-5000 with Zeeman background correction. For Hg analysis, two aliquots ranging from 10-50 mg of dried material were directly analysed in an Advanced
Mercury Analyser spectrophotometer (Altec AMA 254) as previously reported (Bustamante 5 et al., 2006a August and September to December (Table 1) .
Since between-species differences in metal concentrations were not consistent across all organs, when possible, we also estimated average concentrations across all organs, as a weighted average of the individual organ concentrations. Complete data were available for 71
L. forbesi, 4 T. eblanae and 5 T. sagittatus. Although the sample sizes for the ommastrephids are very small we used ANOVA on log-transformed data to test whether differences between species were significant. .
Results
Biological data
Loligo forbesi of both sexes were smallest in spring 2004 and reached maximum average size in winter. The proportions of mature animals were highest in winter and spring and lowest from April to June (Table 1) . Squid caught in spring 2005 were significantly larger and more mature than squid caught in spring 2004 (Table 1) . Mature L. forbesi were recorded in the English Channel in July. Apart from the Scottish sample collected in July, the proportion of male squid amongst the mature squid caught was always higher than that of female squid.
Small immature specimens were present in most months, although the proportion of these "recruits" increased during the summer.
Between-species differences in Cd concentration
Concentrations of Cd were highest in the digestive gland for all species ( 
forbesi, the combined remaining tissues showed the second highest Cd concentration (after digestive gland), while both T. eblanae and T. sagittatus had higher metal concentrations in their gills ( 
Between-species differences in Hg concentration
Hg concentrations tended to be slightly higher in the digestive gland than in other tissues of all species except for Alloteuthis sp., in which Hg levels were similar to those found in the muscle tissue (Table 2 ).
There was significant between-species variation in Hg concentrations (µg. 
Trends in Cd concentrations in Loligo forbesi
A summary of Cd concentrations in the different tissues of L. forbesi from the different sampling areas and at different seasons is presented in Table 3 . The final GAM for Cd concentrations (µg.g -1 dwt, log-transformed) in the digestive gland tissue of L. forbesi explained 80% of deviance (N = 105, AIC = -62.4). There was no difference between the sexes but the effect of body size (DML) was highly significant (P<0.0001). Cd concentration decreased (df = 2.73) with DML, although with a steeper decline in small animals (Fig 1a) .
There were also significant effects of the season, with values in March being higher than in
January and values in the last four months of the years being lower than those in the first four months (P<0.0001). There was also significant geographic variation with concentrations in squid from the English Channel (selected as the reference area) being lower than those from other areas (P<0.0001) (Fig 2) .
The final model for Cd in muscle explained 54% of deviance (N=101) and was similar in that Cd concentration decreased with DML (df=2.58, P<0.001). However, seasonal differences were non-significant and the only area effect was for higher concentrations to be seen in the English Channel than in the Irish Sea (P=0.002).
The final model for Cd in gills explained 58% of deviance (N=78) As was apparent from the modelling results, data from different tissues of L. forbesi give somewhat different pictures of the geographical distribution of metal concentrations (Fig 2) .
These plots do however show that Hg levels were consistently highest in all tissues of squid from the English Channel. Interestingly, these squids also displayed the lowest Cd concentrations in their tissues, with the exception of the gonads.
Implications for public health
To exceed the PWTI for Cd (i.e. 7 µg.kg -1 .wk -1 ), it would be necessary to ingest from 27 to 333 g of squid muscle per kg of body weight for an average human body weight of 60 kg.
This represents consumption of 1.6 to 20 kg of squid muscle in a week (Table 2) . However, the PTWI would be reached with only 15 g.wk -1 for the digestive gland of the four squid species and for the gills of T. sagittatus (Table 2 ). This may be an issue in countries (e.g. Japan), where squid digestive glands are consumed. In southern Europe, small squids are often eaten whole but the viscera of larger squid would not normally be eaten.
In relation to Hg intake, the amount of squid tissue to reach the PTWI for total Hg (5 µg.kg -1 .wk -1 ) would be around 9 kg of Loligo or Todaropsis flesh per week or around 4 kg of Todarodes flesh. Even for the tissue with the highest Hg concentration, i.e. the digestive gland of Todarodes, it would be necessary to eat more than 2.7 kg.wk -1 to exceed safe limits ( Table 2 ). Knowing that from 70 to 90% of Hg in squid tissues would be under organic form , the amount of squid flesh to reach the methyl Hg PTWI would be Higher Cd concentrations were found in the digestive gland of all species compared to the other tissues, reflecting the digestive gland's role in the storage and detoxification of this metal (e.g. Miramand and Guary, 1980; Tanaka et al., 1983; Finger and Smith, 1987; Miramand and Bentley, 1992; Bustamante et al., 2002a,b) . For Hg, the concentrations recorded in all tissues were generally in the same order of magnitude compared to the digestive gland. Such different patterns of accumulation for Cd and Hg suggest that cephalopods have different mechanisms/rates of uptake and/or sequestration of these two metals. Sources of metals to cephalopods are 1) seawater, as it passes through the skin and through the gills and 2) diet, which probably represents the main pathway for many elements -as previously shown for Am, Cd, Co or Zn (Koyama et al., 2000; Bustamante et al., 2002a Bustamante et al., , 2004 Bustamante et al., , 2006b Miramand et al., 2006) . To the best of our knowledge, Hg uptake and retention has not been fully investigated in cephalopods. Mechanisms of uptake and depuration of Hg can be influenced by the speciation of the metal in both seawater and prey. However, compared to Cd, the role of the digestive gland in the storage of Hg appears to be relatively limited in loliginid and ommastrephid species in UK waters (see Table 3 ). This may be due to: 1) an excretion function of Hg by the digestive gland, and 2) a preferential redistribution of Hg to muscular tissues where it bound to the sulphydryl groups of proteins (Bloom, 1992; Bustamante et al., 2006a) . Further research focusing on Hg detoxification, storage and excretion in cephalopods would be worthwhile.
In contrast to Hg, Cd concentrations in the digestive gland exhibit high variability in the four species tested, i.e. from 9.48 to 65.3 µg.g -1 dwt, with the lowest concentrations found in loliginids and the highest in ommastrephids (Table 2 ). This result is in accordance with previous observations in the north east Atlantic waters (e.g. Bustamante et al., 1998a) and from the Mediterranean Sea (e.g. Bernardi et al., 2004) . Since dissolved Cd concentrations are higher in coastal waters than the open ocean, loliginids might be expected to have higher Cd concentrations in their tissues than ommastrephids, which tend to have a less coastal distribution. Since the majority of the Cd in cephalopod tissues is probably derived from the diet (Koyama et al., 2000; Bustamante et al., 2002a) , differences in feeding could contribute to differences in Cd contamination. Both L. forbesi and T. sagittatus are largely piscivorous but the latter may take more pelagic and fewer demersal and benthic prey (Collins et al., 1994; Pierce et al., 1994c; Quetglass et al., 1999) . Differences in physiological characteristics of loliginids and ommastrephids may also explain the differences observed. With regard to tissue ultrastructure, the digestive gland cells of loliginids do not contain the "boule" structures characteristic of most cephalopod species (Boucher-Rodoni and Boucaud-Camou, 1987) . These are generally considered to be heterolysosomes and heterophagosomes involved in intracellular digestion (Boucaud-Camou, 1976; Boucaud-Camou and Yim, 1980) . A lack of "boules", therefore could result in a reduction of particle capture, limiting intracellular digestion (Boucher-Rodoni and Boucaud-Camou, 1987) . Overall, the lysosomal system of loliginids is less developed than in other cephalopod species and these squids could be physiologically limited to storing and detoxifying Cd via binding to insoluble compounds.
Alternatively, these squids may also have developed mechanisms favouring the excretion of Cd (Bustamante et al., 2002b) .
The more extensive sampling of L. forbesi allowed investigation of the variation of Cd and Hg concentrations with biological and environmental factors, such as age (size), sex, lifestyle and geographic origin. In this species, Cd concentrations decreased with increasing body size 13 and tissues showed significantly different Cd loads according to the geographic origin of the animals sampled. The decrease of Cd concentrations could reflect a shift in their diet with increasing body size. Juvenile L. forbesi have a crustacean-dominated diet whereas the adults consume more fish (Collins and Pierce, 1996) . Fish generally exhibit lower Cd concentrations than invertebrates (Cossa and Lassus, 1988) . Therefore the diet of smaller squid feeding on invertebrates would be richer in Cd than the diet of bigger squid feeding predominantly on fish. Furthermore, the decrease of Cd concentrations may be strengthened by the dilution of the metal in the tissues due to the very fast growth of this squid. A similar ontogenetic decrease of Cd concentrations has been reported for the mantle muscle of other cephalopod species, e.g. Octopus salutii and Eledone cirrhosa from the Mediterranean Sea (Barghigiani et al., 1993, Storelli and Marcotrigiano, 1999) . For O. salutii, this trend was related to its reproductive cycle, since adult females approach the coast to lay their eggs. Therefore, young octopods, having very high trophic activity, are proportionally more exposed to pollution in coastal sites (Storelli and Marcotrigiano, 1999) . However, an opposite trend was found for the cuttlefish S. officinalis from the English Channel, especially when considering Cd concentration in the digestive gland (Miramand et al., 2006) . In cuttlefish, Cd appears to be strongly retained in this tissue, with a biological half-life exceeding eight months (Bustamante et al., 2002b) . These contradictory results among cephalopod orders show that investigations on Cd metabolism should be carried on a wider range of cephalopod species, including octopus and squid species.
Unlike the other tissues, the Cd concentrations in gonads increased with size, the highest values being found in winter when squids reach sexual maturity. Higher Cd levels were also reported in the gonads of mature squid Illex argentinus from the South Atlantic Ocean compare to immature ones (Gerpe et al., 2000) . Interestingly, Cd and Hg varied positively, suggesting a common elimination through the gonads. Although difficult to assess, Cd and
Hg accumulation in gonadal tissues may occur as a result of the accumulation of essential elements to supply the embryo's needs (Villanueva and Bustamante, 2006) . Essential elements such as Zn are stored in metal-containing enzymes and metalloproteins within the ovary. Cd and Hg are well-known for its affinity to Zn binding sites, particularly in SHcontaining proteins such as metallothioneins (Niboer and Richardson, 1980 , Cosson et al., 1991 , George and Olsson, 1994 and could therefore accumulate bound to such proteins. To the best of our knowledge, there are no studies reporting the occurrence of metallothionein in the gonads of cephalopods. As there were significant differences of Cd and Hg levels between areas, the effect of this metal accumulation on the squid fertility and the egg production should be evaluated in the future.
Environmental factors, i.e. geographic origin and season also influenced Cd concentrations in L. forbesi tissues (Table 3, Fig 2) . However, the pattern of variation was different according to the tissue considered and to the season. With the exception of the gonads and gills, Cd concentrations were generally lower in squids from the English Channel, suggesting that they were less exposed to the metal from the dietary pathway. This is, at first sight, surprising, in that anthropogenic activities would be expected to increase the Cd contamination in the food webs from this area. However, Cd occurs naturally at very high concentrations in cephalopods from remote and pristine areas such as the Austral Ocean and Northern Atlantic waters (Bustamante et al. 1998ab) . As a general rule, Cd concentrations in various phyla increased "naturally" from the temperate zone to sub-polar and polar waters (e.g. Rainbow 1989 , Zauke & Petri 1993 , Bustamante et al. 1998a . Even though our sampling represents a restricted latitudinal range, it is possible that the low Cd concentrations in squids from the English Channel result from a natural latitudinal trend.
In contrast to Cd, Hg levels increased with size of L. forbesi and were highest at the end of the spawning season. In aquatic animals, Hg concentrations may vary according to their trophic level and age. As it is mainly stored in the methylated form in biota, Hg consistently biomagnifies through the food chain, with predators showing higher tissue concentrations than are found in their prey. In cephalopods, it is generally agreed that Hg tissue concentrations are positively correlated with body size (e.g. Rossi et al., 1993; Storelli and Marcotrigiano, 1999 ) and a similar relationship has also been reported for loliginid squid from the Azores, the Bay of Biscay, the Celtic Sea and the Faroe Bank (Monteiro et al., 1992; Bustamante et al., 2006a) . Monteiro et al. (1992) reported a higher accumulation rate of Hg in L. forbesi females, suggesting physiological and/or ecological differences between the sexes.
However, no sex-related differences were evident in the present study.
In addition, Hg levels were highest in squid from the English Channel and the Scottish West
Coast and there was also seasonal variation. Higher Hg concentrations found in the tissues of L. forbesi from the English Channel (Fig. 2) could be related to human activities in the area.
However, considering data for all species, no clear habitat (open water vs coastal) or latitude (north vs south) differences could be found in Hg loads. Since squid have annual life-cycles and undertake regular seasonal migrations, it is difficult to differentiate ontogenetic, seasonal, and regional variation in metal concentrations. Although the relative contributions of dietary and waterborne pathways have not been assessed in cephalopods, it is expected that food would be the main source for Hg accumulation in squid tissues (Bustamante et al., 2006a) . As cephalopods are short-lived species, they might therefore function as good indicator species of the variation of Hg concentrations in seawater and for marine pollution (Seixas et al. 2005 ).
Cephalopods may constitute a significant seafood source of human tissue burdens of Cd and
Hg (Storelli and Marcotrigiano, 1999; Storelli et al., 2005) . In most European countries, viscera are removed before consumption. In Italy and Spain, however, small Loligo spp. and
Alloteuthis spp. are eaten whole, and people from these countries consume much of the L.
forbesi landed in the UK and Northern France (Shaw, 1994) . Moreover, in Japan, the digestive gland is consumed and is considered to be a delicacy. It was therefore important to evaluate the implication of metal levels in squid tissue for public health.
The maximum permitted levels of Cd and Hg for human consumption are 1.0 and 0.5 mg.kg Weekly Intake (PTWI) of 7 and 5 µg.kg -1 .wk -1 for Cd and Hg, respectively (WHO, 1989 (WHO, , 1992 (WHO, , 2003 (Table 2) . For methyl Hg, the PTWI is only 1.6 µg.kg -1 .wk -1 (WHO 2003) , and assuming that from 70 to 90% of the total Hg is under organic form in squid tissues , the critical amounts of squid muscle and digestive gland ingested were always > to 1.1 and > 0.6 kg.wk -1 , respectively. The results of this study indicate that squid fished in the areas investigated were, in terms of Cd and Hg concentration in selected tissues, safe for human consumption.
Conclusions
As heavy metal contamination of squid has potential implications for human health and conservation of marine mammals, it should be monitored on a regular basis. The observed differences between Cd levels in loliginids and ommastrephids need to be investigated further, in order to determine the possible influence of physiological differences and/or dietary changes during development.
The digestive gland plays a major role in Cd bioaccumulation and detoxification in squid, but it seems to have a limited role in storage of Hg. Observed seasonal variations indicate that squid can be used to monitor ambient Hg levels in the environment. 
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